In other cases, the properties of both the core and the yttrium basic carbonate, together with coated hematite, cannot be shell can be of interest. Thus a magnetic core can be useful completely ruled out under such conditions. Two techniques were for controlling the stability or transport properties of the particles have a quite similar surface composition and structure.
Matijević and his co-workers (1-4) have demonstrated
For all types of particles but the carbonate-coated ones obtained that the synthesis of core-shell particles in controlled condiat the shortest reaction times, the pH iep was found to be above tions (concerning the size and shape of the colloids obtained, that of pure hematite, approaching that of yttrium basic carbonate as well as the thickness of the coating) is possible for very or oxide. In particular, among the oxide-coated particles, it is sample OB9 the one that most closely approaches its pH iep In the present work, the method originally described by and carbonate; core-shell colloidal particles; electrophoresis; sur- Aiken and Matijević (4) until the conductivity of the supernatant was below 1 mS/ cm. The suspensions were further purified by serum re-B. Methods placement until a final conductivity £2 mS / cm. In order to get rid of the strongly adsorbed chloride ions, a 1 M The morphological characteristics of the particles were NaOH ( Panreac, Spain ) solution was added to the suspen-analyzed by transmission electron microscopy. Indirect sion and the serum replacement repeated with water. When information about the size of the colloidal particles and the conductivity was again as low as before, the cleaning their porosity was also obtained by surface area measureprocess was considered finished. Hematite suspensions ments using a Quantasorb Jr. ( Quantachrome, USA ) , ( with a concentration of Ç13.9 g / liter ) were kept in poly-based on the BET multipoint method, with nitrogen as ethylene flasks.
adsorbent. Core hematite particles were found to be approximately Surface chemical composition was elucidated by means spherical, quite uniform in size and shape. Their average of two techniques: EDX ( energy dispersion of X-rays, Carl diameter is 60 { 7 nm.
Zeiss DSM 950 SEM, Germany ) and XPS ( X-ray photoYttrium basic carbonate was precipitated on hematite electron spectroscopy or ESCA, Perkin-Elmer, USA ) . The following the procedure described in ( 4 ) : given amounts former yields information about the atomic composition of bare core particles were mixed with urea ( Panreac, in a region comparable to the diameter of the electron beam Spain ) and yttrium nitrate ( Merck, Germany ) solutions so ( 0.1-10 mm) and £500 Å in depth. The experimental error that the concentrations specified in Table 1 were reached. of the method can be estimated as {0.5% atomic content The suspensions thus obtained were heated in a convection ( 7 ) . XPS provides more precise information on the surface oven at 90ЊC for the time intervals shown in the table. composition ( it probes only the first few outermost atomic As observed, 14 different types of a-Fe 2 O 3 / yttrium basic layers ) of a larger area ( several mm 2 ) , with a comparable carbonate were obtained; they will be denoted CA X , CBX, sensitivity of {0.5% ( 8 ) . and CCX , when the initial concentration of yttrium nitrate
The electrokinetic properties of the particles were anais 1.1, 3, and 4.9 m M , respectively. The digits indicate lyzed as a function of pH, for different NaCl concentrathe heating time in hours.
tions, by measuring their electrophoretic mobility, m e , at Samples CA9, CB9, and CC9 were chosen to obtain 25.0 { 0.5ЊC in a Malvern Zetasizer 2c ( Malvern Instruhematite particles coated by yttrium oxide. To do this, the ments, England ) . The relative error in m e determinations suspensions were first dried at 60ЊC in a vacuum oven and is about 5%. then calcined at 800ЊC for 3 h in the presence of air. The
RESULTS AND DISCUSSION
oxide-coated particles will be denoted OA9, OB9, and OC9, respectively.
Particle Morphology Both carbonate-and oxide-coated particles were cleaned of undesired ions by the method above described Figure 1 shows TEM pictures of some of the particles obtained (yttrium basic carbonate coated hematite, samples for hematite. CA9, CB9, CC9). As observed, coated particles are reason-CC9 appears to be the most polydisperse, and also the one with the thickest coating around individual particles. The heably spherical in shape, although they are more polydisperse than the original core particles. The polydispersity is not, matite cores are visible in most cases. Note also that the possibility that two particles share the same shell cannot be however, the same for all kinds of particles; from the comparison between the three pictures, it can be concluded that sample discarded, mainly in the case of samples CB9 and CC9.
are included in Table 1 ( the value for core particles is 20.9 m 2 / g ) . As observed, the surface area of CA9 is comparable to that of the hematite core; this is an indirect confirmation of the relatively small thickness of the coating in sample CA. The moderate increase in specific surface area from CA9 to CB9 can be explained by the apparently porous structure of the coating ( see Fig. 2 , for instance ) , which overcompensates for the size increase found between those two samples. Concerning sample CC9, the surface area is clearly lower and the effect of size increase predominates in this case over the opposed effect of the yttrium carbonate shell.
After calcination, particles like those shown in Fig. 3 were obtained. Comparison between these pictures and those in Fig. 1 and 110 { 20 nm for samples OA9, OB9, and OC9, respectively. Comparison of these figures with data corresponding to CA9, CB9, and CC9 demonstrates the shrinkThe average particle diameters obtained from TEM micrographs similar to those shown in Fig. 1 are included age that, as mentioned above, occurs in the coating layer upon calcination. in Table 1 . Let us analyze the effect of the synthesis conditions on the obtained particles. Considering the ini-
The Transformation from Yttrium Basic Carbonate to tial yttrium nitrate concentration ( compare samples CA, Yttrium Oxide (4) CB, and CC for equal reaction times ) , data in Table I show that, in general, samples of CB with intermediate As already done by other authors, the physical changes concentration have the maximum coating thickness. It is involved in the transformation of the coating from carbonnoticeable that increasing [ Y ( NO 3 ) 3 ] does not systemati-ate to oxide were followed by thermogravimetric analysis cally lead to thicker coatings; hence, the possibility that ( TGA ) . A Shimadzu TGA-50H was used at a heating rate yttrium basic carbonate particles are formed together with of 20ЊC /min in air, to perform the analysis on samples coated hematite cannot be ruled out in the case of CC CA9, CB9, and CC9. The scans obtained are shown in Fig.  samples. 4. Since the thermal treatment ( maximum temperature: Concerning the relationship between reaction time and 1000ЊC ) does not induce any physical transformation in particle diameter -for given yttrium nitrate concentra-the hematite core ( 4, 9 ) , all events shown in Fig. 4 must tion - Table 1 shows that 9 h is the optimum time for be associated to the Y ( OH ) CO 3 coating. obtaining a high degree of coating. Shorter precipitation Sordelet and Akinc ( 10 ) demonstrated that at about times seem to be insufficient for obtaining enough cover-180ЊC the weight loss is associated to water loss and deage of hematite by yttrium carbonate, whereas if the reac-composition of the hydroxycarbonate to oxicarbonate, action proceeds above 9 hours, it is possible that the coating cording to the scheme detaches from the particles and individual yttrium carbonate particles are formed. This seems to be confirmed by 2Y( OH )CO 3 r ( 180ЊC) r Y 2 O 2 CO 3 / H 2 O / CO 2 , the observation that particles obtained at long reaction times are more polydisperse ( Table 1 ) and less homoge-and another important transformation occurs when the temneous in shape, with a significant fraction of particles perature reaches 610 -700ЊC, when the vaporization is formed by two or more cores with a common shell ( Fig. complete, and Similar conclusions were reached by Aiken and Mati-characteristic peak is observed in sample CC9 at Ç660ЊC, whereas the other samples show peaks at Ç580 and jević ( 4 ) and Kawahashi and Matijević ( 11 ) .
All our samples show a gradual, moderate weight loss Ç750ЊC ( CA9 ) and Ç530 and Ç650ЊC ( CB9 ) . Such events must correspond to the transformation from carbelow Ç200ЊC and above Ç700ЊC, the most important changes taking place between these two temperatures. A bonate to oxide, and the subsequent CO 2 loss. This was presence of yttrium and iron and not any other metallic As a rule, the loss rate increases in the order CA9 õ CB9 element. On the contrary, the EDX spectra of the calcined õ CC9, that is, in the order of increasing initial Y ( NO 3 ) 3 samples ( OA9, OB9, and OC9 ) allowed more quantitative concentration. This suggests that the yttrium content of the conclusions. Table 2 shows the percentage content of oxysamples increases in the same order. Since, according to gen, yttrium, and iron in the samples; because of the small TEM data, the coating of sample CC9 is not always thicker size of the probing electron beam, data were taken in three than that of samples CA9 or CB9, TGA results seem to different positions of each specimen. These individual confirm the formation of Y ( OH ) CO 3 not only on hematite, data, together with their average values, have been inbut also free in solution, when the initial yttrium concentra-cluded in the table. tion is high ( samples CC ) .
As observed, the oxygen content is very similar in the three samples, although the relative amount of this element Surface Chemical Analysis is slightly larger in sample OA9; more significant are the differences in yttrium and iron. The former changes in the EDX microanalysis of the carbonate-coated particles did not allow the reaching of any precise conclusion about order the three samples (confirming results of our EDX analysis). Fe (OA9) ú Fe (OB9) É Fe (OC9)
Note. Elements analyzed: oxygen, yttrium, and iron. a Data corresponding to three different surface regions probed.
also in good agreement with EDX data in Table 2 . Hence, the conclusion can be reached that the coating of sample OA9 is not complete, whereas samples OB9 and OC9 have OA9 õ OB9 á OC9, very similar surface structure, with thick coatings, and, possibly, formation of Y 2 O 3 particles. whereas the estimated amount of iron follows the sequence
Electrokinetic Characterization
Electrokinetic measurements can be an excellent probe ( indirect, however ) of the surface characteristics of a maIt is worthwhile to point out that about 40% of sample OA9 is iron, this figure dropping to Ç9% in OB9 and OC9. Given the depth probed by incident electrons ( Ç500 Å , From these data, it is clear that the coating of the hematite core by Y ( OH ) CO 3 is practically complete in sample a These areas must be corrected for the sensitivity factors provided by the manufacturer (12).
CC9, since only 0.12% surface iron is detected. The carbon terial. In particular, the value of the isoelectric point ( pH iep , or pH of zero zeta potential ) of the solid, for different ionic compositions of the dispersion medium, has been considered as a ''fingerprint'' of the material under study ( 13 ) . Hence, this kind of test was also carried out with suspensions of the coated hematite particles described in this work. Our goal was to analyze the changes in iep for the different synthesis conditions. Previous work by other authors ( 11, 14, 15 ) shows that, with slight fluctuations from one article to another, the pH iep of yttrium carbonate or oxide is about 1 -1.5 pH units above that of pure hematite particles. Our measurements of electrophoretic mobility of pure hematite in the presence of different NaCl concentrations yielded a pH iep of 7.4 -7.6, in good agreement with previous determinations.
A similar type of dependence between electrophoretic mobility, pH, and sodium chloride concentration was found in the case of Y ( OH ) CO 3 -and Y 2 O 3 -coated particles. Figure 5 samples. Figure 6 corresponds to CA samples, Fig. 7 to of pH iep for all samples was obtained, as shown in Table  4 . As observed, the pH iep of all the samples is above that of pure hematite, approaching the values of yttrium carbonate and oxide. This shows that the electrical surface properties progressively approach those of the yttrium compounds, as the coating is more efficient. The values shown in Table 4 are, however, systematically lower than those found by, for instance, Sprycha et al. ( 14 ) . However, our own ( unpublished ) data on the electrophoretic mobility of yttrium carbonate and oxide prepared as described in this paper, but in the absence of hematite, yielded a pH iep of 8.0 { 0.1 and 8.6 { 0.1, respectively. Among the carbonate samples in Table 4 , it is CB9 and CC9 that more closely approach the electrokinetic behavior of pure yttrium basic carbonate; as to the oxide-coated samples, OB9 is the one that seems to be most efficiently covered by Y 2 O 3 , since its isoelectric point is very similar to those found by our determinations on yttrium oxide. This is in perfect agreement with our chemical analysis by XPS ( see above ) .
